Introduction
Energy and environmental related issues are among the concerns of society at present. The limited supply of conventional fossil fuels promotes the development of alternative energy sources such as fuel cell systems which may utilize hydrogen and other gases. If properly engineered, fuel cells could be efficient and clean power generators which are the desired outcomes. Aside from this, the emissions from combustion of fossil fuels are known to be the major contributors of greenhouse gases. As fossil fuels are widely used in different industries, it is a great responsibility on their part to develop related devices that would purify these damaging pollutants. In short, it is a common objective to develop technologies that are environmental friendly, cheap and effective on their respective applications. The achievement of this goal is not an easy task and requires intensive investigation not only by the concerned industry but with the participation of government, industries, research institutes and academes.
The harmful consequence of exhaust gases from vehicles is a crucial problem for automobile industries. Aside from the environmental degradation due to these pollutants, they have also negative impact on human health. One of the emitted gases from automobiles is the nitrogen oxide (NOx). It undergoes chemical change and converts to nitric acid in the atmosphere which leads to the formation of acid rain. Thus, it is necessary to minimize its production in order to regulate its damaging outcome. For these reasons, the interaction of NOx on surfaces and other related materials is widely studied 1) 10) . NOx reduction process involves the dissociation of the molecule with the aid of catalyst where the component atoms can combine to form other gases. Its realization basically relies on the efficiency of the catalyst in dissociating the molecule. The dissociation of NO is the rate limiting step on its reduction as it requires large amount of energy to break the N _ O bond. Threeway exhaust catalyst, which is made from Rh, Pd and 357 Journal of the Japan Petroleum Institute, 56, (6) , 357-365 (2013) J. Jpn. Petrol. Inst., Vol. 56, No. 6, 2013 To whom correspondence should be addressed. E-mail: kasai@dyn.ap.eng.osaka-u.ac.jp
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Pt, is conventionally employed in vehicles to reduce the gas 11) 13) . Despite the fact that it is efficient for NOx reduction, the limited supply of the component metals makes it an expensive material and prohibits their massive production. This brings the demand to search for an alternative catalyst that is free from precious metals for such application.
With the improvement of computers throughout these years, computational facilities became very accessible and useful for researchers. Quantum mechanically based calculations that are necessary in investigating the characteristics of materials and in simulating chemical reactions are now possible. It is remarkable that most results are obtained in good agreement with experiments and establishes the accuracy of the method. In particular, density functional theory-based calculations are very accurate in predicting the interactions of different systems and are very helpful in elucidating different phenomena in atomic scale level. Such progress gains importance in understanding experimentally obtained results and for the design of new promising materials.
In this review, we present our density functional theory-based study on the interaction of NO on Cubased surfaces as an initial attempt in search for alternative exhaust catalyst. Specifically, we focused on the dissociation of NO molecule on Cu(111), oxygenterminated Cu2O(111) and Cu-terminated Cu2O(111) surfaces. This is a collaborative work with different groups under the Elements Science and Technology project of the Japanese government. A background of this project is elaborated in next section.
The Elements Science and Technology Project
In 2007, the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan initiated the Elements Science and Technology Project 14) . It aimed to understand the principles underlying the efficient performance of expensive and/or hazardous materials that are used in different technological applications such as in alternative energy sector and automobile industries. Furthermore, it encouraged active collaborative research among different research institutes and universities. Upon elucidation of the characteristics and properties of these materials toward specific applications, design of new functional materials is intended to be achieved through intensive study. In other words, improvement, reduction, substitution and/or total elimination of these expensive and hazardous materials is the final target of this project.
Under this project, the researchers of the "New Development of Novel Self-Forming Nanoparticle Catalyst without Precious Metals" group clarified the underlying mechanism for the purification of automobile exhaust gases. The group's core organization was the Japan Atomic Energy Agency (Project Leader: Yasuo Nishihata) and in partnership with different organizations: Osaka University (Chief Scientist: Hideaki Kasai), Daihatsu Motor, Co., Ltd. (Chief Scientist: Hirohisa Tanaka) and Hokko Chemical Industry, Co., Ltd. (Chief Scientist: Chiaki Mitachi). The group made attempt to look for alternative exhaust catalyst that is free from precious metals. Specifically, the theoretical research group of Hideaki Kasai of Osaka University studied the possibility of employing transition metals for such application. This paved the way of realizing new exhaust catalyst that is independent from precious metal and that can provide easy dissociation of NO molecule. The findings of this work are believed to be essential in providing insights for future endeavors in search for alternative materials. In this review, the details of this study are presented.
NOx Reduction and the Precious Metal Catalyst
Previous studies tried to reduce the employment of precious metals due to their high cost issue 15) 17) . However, complete independence from precious metals is still difficult to achieve and required further studies. Figure 1 illustrates the role of the catalyst in the reduction process of NOx, along with other exhaust gases. The dissociation of NOx molecule to N and O atoms is a preliminary step that should proceed for the formation of other gases such as CO2 and N2.
Precious metal catalysts had been confirmed to be efficient for NOx reduction. Earlier, Uchida et al. performed experiment on its reduction with methane over supported catalysts 18) . A comparison on the performance of Pd, Pt, Rh, Cu, and Co was made in which it was stressed that the reduction process was most efficient with the use of Pd catalyst and least on Cu and Co. In a theoretical work of Gajdoš et al., the dissociation of NO on various closed pack metal surfaces was simulated 19) . From their results, the dissociation of NO was found to be exothermic on Rh, Ir, and Ru and the transition state energies were all negative values with reference to the total energies of the isolated NO and surfaces. On the contrary, it was endothermic on Pd, Pt and Cu. However, the transition state energies for the case of Pd and Pt were only weakly positive in comparison to Cu. Thus, with a little amount of external energy, dissociation of NO will more likely to be observed on Pd and Pt. NOx reduction is also very dependent on the reductants and the type of catalyst. Sakamoto et al. studied the effect of precious metals (Pd, Pt and Rh) on hydrogen reduction of stored NOx 20) . Among the investigated catalysts, the Pt/Na/Al2O3 had the highest reduction rate of NOx and was attributed to the high reactivity of hydrogen on Pt. NH3, N2 and NO were detected as product gases in all the catalysts that were considered, however, NH3 formation was least on Rh due to its low hydrogen activity. Szailer et al. experimentally investigated the reduction of NOx on Pt/Al2O3 and Pt/BaO/ Al2O3 catalysts with H2 and CO 21) . From their work, H2 was the more efficient reductant. With H2, the formation of H2O and N2 was a straightforward process. Moreover, adsorbed H atoms on the surface can assist in the dissociation of NOx. On the other hand, with CO, the dissociated NOx facilitated the formation of NCO on the surface where it can further react with other NOx to form N2 and CO2. In a separate work, DiGiulio et al. looked on the reduction of NOx by CO and C3H6 on Pt/BaO/Al2O3 and Rh/BaO/Al2O3 22) . They found that Pt-supported catalyst was more active when CO was the reducing agent while the Rhsupported catalyst was better with C3H6. From these cited works, it can be concluded that precious metals still play important role as exhaust catalyst up to present. It is also obvious that the decomposition of NOx is the primary step for its reduction regardless of the desired application, the type of catalyst and the resulting gases.
In a theoretical investigation of Gonzalez et al., a comparative work on the dissociation of NO on Rh(111), Cu(111) and RhCu(111) bimetallic surfaces was conducted 23) . Their study demonstrated the large difference in the activation barrier for NO dissociation on Rh and Cu. Their work also revealed that the presence of Cu on Rh surface promoted NO dissociation and enhanced the reactivity of Rh(111). Similarly, just like with NO _ Rh(111) system, the transition state is below the reference energy of the separate reactants. Their work implied that with proper design of catalyst, it is possible to employ transition metals for this purpose.
We primarily looked on the dissociation process of NO on Rh, Pt, and Pd surface by performing density functional theory based calculations. Through this, we were able to grasp initial views on the behavior of the gas on precious metals. The reaction coordinate of the dissociation process is presented in Fig. 2 . With reference to the adsorbed NO molecule on the surface, dissociation is accompanied by an activation barrier for all cases. The activation barriers were calculated from the difference of the transition state energies and the molecular adsorption energies of NO on the surfaces. The reaction pathway profiles are in good agreement with previous theoretical works 19),23) . Although it is activated with reference to the adsorbed NO molecule on the surface, the transition state clearly lies below the reference energy for the case of Rh. It can be assumed that the molecularly adsorbed NO gained enough energy upon adsorption to allow spontaneous dissociation on Rh surface. Such characteristic of NO on Rh surface therefore is a key in designing alternative exhaust catalyst, at least for an initial attempt to dissociate NO molecule.
This Work: In Search for Alternative Catalyst for NO Dissociation
Theoretical investigation was carried out in this work to explore the chance of transition metal as a catalyst for NO dissociation. Few studies were conducted for the NO _ Cu-based systems. Yen et al. performed density functional study for NOx dissociation mechanism on Cu(111) surface 24) . They pointed that with reference to NO _ Cu(111) system, the activation barrier was higher if there was the presence of coadsorbed O atom on the surface; but was lower in the presence of coadsorbed N atom. This implies that NO dissociation on surface was greatly affected by O atom. It was also identified from their work that the dissociation of NO was greatly affected by the interaction of the surface with the adsorbed NO molecule. Its dissociation greatly depends on the weakening of the NO bond upon its adsorption on the surface. In a theoretical work made by Sun et al. 25) , the coadsorbed CO and NO on The transition state for NO dissociation on Rh(111) lies below the reference level (Surface NO gas ) while it is weakly positive on Pt(111) and Pd(111). Cu2O(111) surface was predicted to react and form adsorbed NCO species which was also experimentally found to happen on Pt-based catalyst 21) . In a perfect Cu2O(111) surface, NO and CO prefers the surface Cu site for adsorption 26) . The introduction of surface oxygen vacancy as defect enhanced the activation of N _ O and C _ O bonds. Increasing the density of defective sites promoted the dissociation of NO molecule but with small influence to CO.
Several experiments were also performed to investigate the interaction of NO on Cu-based surfaces. By combining X-ray and UV photoelectron spectroscopy with low energy electron diffraction (LEED), Johnson et al. found that adsorbed NO on Cu(111) in a bent configuration dissociated slowly at 80 K while the linearly adsorbed molecule desorbed upon heating the crystal at 170 K 27) . Nonetheless, it was not concluded whether the bent or linear structure was the initial adsorption structure but it was specified that the bent structure as precursor for NO dissociation. The study of Dumas et al., on the other hand, detected a mostly upright NO orientation on threefold hollow sites of Cu(111) by performing synchrotron infrared spectroscopy, LEED and thermal desorption spectroscopy 28) . Adsorbed NO on the surface could lead to N2O formation and desorption of NO, N2 and N2O were observed at 170 K. For temperatures varying from 320 to 570 K, Balkenende et al. showed that NO interaction with Cu(111) is dissociative 29) . Upon reduction with CO, it was assumed from this study that NCO and N2 formation can take place. It is conclusive from these works that the dissociation of NO is greatly dependent with the working temperature which could be an important aspect for the reduction process.
Recently, Ge et al. experimentally investigated N2 selectivity of Cu-based catalyst on alumina support for NO reduction by CO 30) . Comparison between untreated and CO-pretreated catalysts was made and generally, the pretreated catalysts significantly enhanced NO conversion and N2 selectivity. The enhancement was attributed to the formation of oxygen vacancies and existence of ionized Cu atoms. It was stressed that the dissociation of NO was the initial key step for its reduction process. The catalytic reduction of NO by CO on copper oxide supported on mesoporous silica was studied by Patel et al. suggesting that the reducible Cu species resulted in a better activity of the catalyst for NO reduction 31) . With these works, we can say that the modified electronic structure of Cu atoms in Cu-based catalysts will be essential in obtaining high NO reduction.
These related literatures further imply that copper oxide surface is a possible catalyst for NOx reduction process. Nevertheless, further studies on the dissociative characteristic of adsorbed species on the surface must be done; specifically for NO molecule. In this present review, NO dissociation were performed on Cu-terminated Cu2O(111) surface and O-terminated Cu2O(111) surface where the former corresponds to the surface with oxygen vacancy while the latter refers to the perfect surface structure. Also, the dissociation of NO on Cu(111) was investigated as a reference for comparing the electronic properties of Cu atoms and of the behavior of NO on Cu and Cu oxide systems. This work was published 32),33) recently.
1. Computational Details
All the calculations were performed based on Density functional theory as employed in the Vienna Ab Initio Simulation Package (VASP) software 34), 35) . In treating the exchange correlation energy, the generalized gradient approximation (GGA) within the Perdew-BurkeErnzerhof (PBE) functional was used 36) . The projector augmented wave (PAW) method was used to describe the ionic cores 37) . The Kohn-Sham oneelectron valence states were expanded in a basis of plane waves with an energy cutoff of 400 eV. For the bulk systems, the calculated lattice constants are 3.61 and 4.27 Å (1 Å 10 -10 m) for Cu and Cu2O, respectively. These are in good agreement with experimental results 38), 39) . In this work, the Brillouin-zone integrations were used on a grid of 3 3 1 Monkhorst-Pack k-points 40) . This was chosen by doing convergence test of the total energies wherein negligible energy difference was obtained for higher k-point values. We used this value for both Cu(111) and Cu2O(111) surfaces. Nevertheless, a higher k-point value was utilized to analyze the electronic structures of the systems.
For the slab model, we used (3 3) supercell for Cu(111) and was composed of four atomic layers. On the other hand, due to the larger interatomic distances in Cu2O than in Cu, (2 2) supercell was employed for Cu2O(111) with nine atomic layers (six layers of O and three layers of Cu). Nonetheless, for both cases, it was made sure that the interaction of neighboring NO molecule or dissociated N and O atoms in the periodically repeated slab model will be avoided. This is important as we basically aim to determine the behavior and dissociation process of an isolated NO on the surfaces. Also, 20 Å vacuum was placed in the direction perpendicular to the surface to avoid the interaction of the surfaces when repeated along this direction.
Before introducing NO molecule, two topmost layers of the surfaces were allowed to relax in order to incorporate the relaxation of the clean surfaces in the presence of vacuum. Due to the compact arrangement of Cu atoms in Cu(111), the relaxation of the surface atoms were almost negligible. On the other hand, the large interatomic distances of atoms in Cu2O(111) caused a more evident relaxation which is also observed from previous study 26) . Initially, the most stable configurations of a molecularly adsorbed NO and of coadsorbed N and O atoms on the surfaces were determined.
The pathway of NO dissociation on the surface from the molecularly adsorbed NO to the dissociated N and O atoms was identified by means of the Climbing Image Nudged Elastic Band method 41) . Five intermediate images were used to locate the transition state where the calculations were allowed to converge until the minimum force acting on each atom is less than 0.01 eV/Å. 
2. Results and Discussion
The adsorption of NO on the surfaces is tested for both N-end and O-end configurations. NO is almost perpendicular with respect to the surface normal and prefers the N-end adsorption structure 42), 43) . The geometric structures of the adsorbed NO on the surfaces will be shown later along with the reaction coordinates for NO dissociation. The adsorption energies of NO and of coadsorbed N and O atoms are presented in Table 1 . Clearly, molecular adsorption of NO is possible for all surfaces with the highest adsorption energy on Cu _ Cu2O(111). NO is most stable on the fcc hollow site and far from the O atoms. For the case of coadsorbed N and O atoms, our calculation revealed that it was not stable on O _ Cu2O(111). We used the equation . Figure 4 shows the reaction path for the dissociation of NO on Cu(111) and Cu _ Cu2O(111) with the combined total energies of the isolated NO and isolated surface as the reference energy. In Cu(111), a large amount of energy is required in order to dissociate the adsorbed NO on the surface. It further indicates that NO desorption is more likely to happen in accordance to previous computational works 19 ),23), 24) . This finding is also experimentally observed in which desorption of NO happens at low temperature while dissociation proceeds at high temperature 27) 29) . In the contrary, a relatively low activation barrier is observed for NO dissociation on Cu _ Cu2O(111) surface. With reference to the isolated NO and Cu _ Cu2O(111), the transition state lies below the reference energy. This reaction path for NO dissociation is very much similar with the dissociation pathway of NO on Rh(111) (Fig. 2) . This finding therefore gives us fundamental perspective on the reactivity of Cu _ Cu2O(111) toward NO. The geometric structures of NO-surface systems are shown in Figs. 5 and 6 for NO _ Cu(111) and NO _ Cu _ Cu2O(111), respectively. The images correspond to the adsorbed NO on surface, the transition state for dissociation and the dissociated molecule. For both cases, the dissociation proceeds in which the O atom is detached from the N atom and moves to the next fcc hollow site. It was experimentally identified that adsorbed NO on bent structure is the precursor for dissociation and agrees with the dissociation geometry obtained in our work 27) . In all stages, the distance between the N and O atoms is larger if it is on Cu _ Cu2O(111) than on Cu(111). This can be associated to larger interatomic distance of Cu atoms and better interaction of Cu atoms with NO on the Cu oxide surface. On Cu2O(111), the detached O atom moves to the fcc hollow site without subsurface O atom. It can be depicted that the dissociating NO molecule avoids the O atoms of the Cu2O surface. This can also be the reason for the unstable coadsorption of N and O atoms on O-terminated surface in which, aside from the presence of O atoms in the subsurface, O atoms are also present on the surface. Furthermore, the large interatomic spacing of surface Cu atoms on the surface provides stable adsorption sites for the N and O atoms in which the N atom is almost adsorbed in the same plane along with the surface Cu atoms. It is clear from this point, based from the energetics and the geometric structure of the surface, that the Cu _ Cu2O(111) is a good catalyst for NO dissociation.
From these obtained data, we then provided the reasons to explain the obtained behavior of NO on Cu _ Cu2O(111) by describing the electronic structure of the system. Figure 7 illustrates the local density of states (LDOS) of the d orbital of the surface Cu atoms. For Cu(111), the filled d orbital of Cu is reflected on the LDOS profile with its states lying below the Fermi Energy. For Cu2O(111), the density of states of the Cu atoms are shifted in Fermi Energy region and is due to the presence of O atoms. The LDOS profiles of O _ Cu2O(111) and Cu _ Cu2O(111) are almost the same where the occurrence of unoccupied states can be observed. These unoccupied states can be inferred to originate from the transfer of charge from Cu to O atoms in the Cu oxide surface. The transfer of charge can correspond to the Cu ions that were experimentally suggested to be responsible for good reduction of NO on Cu-based catalysts 30 ), 31) . Consequently, such modification on the electronic properties of these Cu atoms plays important role on the dissociation of NO. However, as mentioned earlier, the presence of O atoms on the surface of O _ Cu2O(111) prohibits the coadsorption of N and O atoms. Experimentally, it was also pointed out that the formation of oxygen vacancy can enhance the dissociation of NO on Cu-based catalysts 30) . Based from these LDOS profiles, the high activation barrier for NO dissociation on Cu(111) is due to the filled d orbital of the Cu atoms which limits their interaction with the adsorbate. The Cu atoms of Cu2O(111) on the other hand can easily establish bond due to the presence of states in the Fermi region. The good interaction with Cu atoms facilitates the dissociation process providing a low activation barrier. This can be illustrated further on the large difference in the adsorption energies of the adsorbates on Cu(111) and Cu2O(111).
When NO is adsorbed on the surface, its bond is weakened due to its interaction with the surface atoms. The bond weakening is accompanied by the elongation of the NO bond length. From our calculation, we found that NO bond length is 1.22 and 1.28 Å when adsorbed on Cu(111) and Cu _ Cu2O(111), respectively. This further suggests that on Cu _ Cu2O(111), the interaction of the Cu atoms and NO does not only result to a high adsorption energy but also the elongation and weakening of the NO bond. As a consequence, NO dissociation happens with low amount of barrier. On Cu(111), NO cannot interact efficiently with surface Cu Fig. 7(a) . We further took a look on the charge density distribution of the Cu _ Cu2O(111) surface to further develop understanding on its found reactivity towards NO. The contour plot of charge distribution of the surface and the corresponding surface structure is shown in Fig. 8 .
The charge density extends in the threefold hollow site which is the adsorption site of the NO molecule. This electron rich region provides the weakening of the NO bond upon adsorption which facilitates the easy dissociation of NO on the surface. Generally, the Cuterminated surface of Cu2O (111) is characterized by such electron distribution which paves the way for the obtained reaction pathway of NO on the surface. In a recent work by Önsten et al., experimental investigation on the surface atomic structure of Cu2O(111) was conducted 44) . Their obtained scanning tunneling microscopy image suggested the presence of coordinatively unsaturated Cu ions which produced the bright regions in the image. They further argued that this is realistic as these unsaturated Cu ions possessed charges that were not involved in bonding. In relation to this, the charge distribution that we obtained for the Cuterminated Cu2O(111) is in good agreement with their finding where the electron rich regions are evaluated as the active sites of the surface.
Lastly, we would like to give emphasis on the comparison between the behavior of NO on Rh(111) and Cu _ Cu2O(111) with reference to our obtained results. It was pointed out that the reaction path of NO dissociation on Cu _ Cu2O(111) and Rh(111) have the same characteristic the transition states lie below the reference level. However, the activation barrier for NO dissociation for the case of Cu _ Cu2O(111) is lower than on Rh(111) which implies that it is easier to dissociate NO on the proposed alternative catalyst. The adsorption energies of the N and O atoms from the dissociated molecule is also lower on Cu _ Cu2O(111). This is a favorable characteristic of this catalyst because in the reduction process, these atoms should combine with other gases. Strong adsorption energy therefore is not preferred as this might prohibit or limit the formation and association of the dissociated atoms into other desired molecules. It is true that the calculations in this present work only deal for the ground state case, nonetheless, the results of our work provides useful and important insights for future successful designs of automobile exhaust catalysts that are free from precious metals.
Conclusion
The Ministry of Education, Culture, Sports, Science and Technology of the Japanese government, through the Elements Science and Technology project, initiated the challenge to look for functional materials that could replace or reduce the usage of precious, expensive and hazardous materials. It is from this initiative, through the "New Development of Novel Self-Forming Nanoparticle Catalyst without Precious Metals" group that this work on alternative exhaust catalyst originated. The harmful effects to the environment of noxious gases from vehicles are still a concern not only to automobile industries but also to the public in general. The conventional catalysts which are made from precious metals are expensive and not practical to use, thus, it is necessary to look for a possible substitute for such application.
In our attempt to look for an alternative exhaust catalyst, the Cu-terminated Cu2O(111) surface provides promising reactivity for NO dissociation. The reaction pathway of NO on the surface is comparable with that of Rh surface which is experimentally known surface for easy NO dissociation. The dissociation of NO is a crucial step for its further reduction to other gases as it is the rate limiting step. The easy dissociation of NO on Cu-terminated Cu2O(111) is attributed to the modified electronic structure of the surface Cu atoms which are initially characterized by a d-filled states in Cu(111) surface. In Cu-terminated Cu2O(111), the large interatomic distances and the presence of O results to the shifting of the d-states to the Femi level region. This states can easily interact with the approaching NO molecule and weakens the NO bond upon adsorption. Consequently, this results to an easier dissociation.
Lastly, the charge distribution of the surface reveals electron rich regions in the threefold hollow sites of the surface which plays major role toward the dissociation of NO. The reaction path of NO on Cu2O(111), in comparison with Rh surface, gives positive insight on the possibility of this type of material as a promising exhaust catalyst.
With our obtained findings for the dissociation of NO on Cu2O surface, we are now currently extending our investigation on the interaction of NO with CO on the surface in order to complete the necessary reactions for the reduction process. Similarly, we are now studying the adsorption and dissociation of NO on CuO surface as we are very much interested on the possibility of Cubased materials as alternative exhaust catalyst. Indeed, our results indicate that the dissociation of NO on CuO(110) has similar reaction characteristic with that of the Cu2O(111) and will be reported elsewhere 45) . Lastly, we offer the challenge to the experimentalists to verify the findings of this work. It should be noted that from the recent experimental results of Önsten et al. 44) , it was found that both O-terminated and Cuterminated structures coexist in Cu2O(111). At present, we think that characterizing a completely Cu-terminated surface is the major challenge. Nonetheless, we are hopeful that through the advancement of technology and intelligent investigation, this will be soon realized. 
